Noncoding RNAs (ncRNAs) such as microRNAs (miRNAs) and long ncRNAs (lncRNAs) have been shown to function as pivotal regulators in the carcinogenesis of renal cell carcinoma (RCC). However, the functions and underlying mechanisms of most ncRNAs in RCC are still elusive, and the crosstalks of different layers of ncRNAs are seldom reported. Here we showed that miR-124 and maternally expressed gene 3 (MEG3) were both significantly reduced in RCC, and combined expression of miR-124 and MEG3 emerged as an independent prognostic factor in our RCC cohort. Overexpression of miR-124 or MEG3 inhibited cell proliferation, migration, and invasion in vitro, and restrained tumor growth in vivo. EZH2 knockdown induced the epigenetic silencing of miR-124 and MEG3 expression by H3K27me3. Besides, miR-124 directly targeted the TET1 transcript, and then the interaction resulted in the upregulation of MEG3. Furthermore, we demonstrated that MEG3 induced p53 protein accumulation, whereas p53 was a positive transcriptional regulator of the miR-124. In addition, tumor-suppressive PTPN11 was identified as a direct target of miR-124, as well as the MEG3-and p53-regulated gene. Our study identifies three crosstalks between miR-124 and MEG3, which provide a plausible link for these two ncRNAs in RCC. Both ncRNAs exert important antitumor effects in RCC pathogenesis and might serve as prognostic biomarkers and molecular therapeutic targets.
INTRODUCTION
Renal cell carcinoma (RCC) accounts for approximately 3% of all adult cancers, 1 and poor survival is manifested in RCC patients, especially for those with metastasis. 2 Increasing evidence indicates that miRNAs and long noncoding RNAs (lncRNAs) play vital roles in the regulation of various cellular processes. In our previous study, we identified that a robust panel of miRNA signatures could distinguish RCC from normal kidney tissues, and we also constructed a five-miRNA-based classifier as a reliable predictive tool for cancerspecific survival in RCC patients. miR-124, one member of the fivemiRNA-based classifier, was identified as a significantly downregulated and prognostic miRNA in RCC. 3 In another study that first drew the lncRNA expression profile in RCC, we identified that one nominated lncRNA, maternally expressed gene 3 (MEG3), was downregulated in RCC. 4 In this study, we performed the lncRNA promoter methylation methylated DNA immunoprecipitation (MeDIP)-chip of human RCC tissue samples, and combined analysis of lncRNA promoter methylation MeDIP-chip and lncRNA microarray expression profiling indicated that MEG3 was both downregulated and hypermethylated in RCC.
miR-124 and MEG3 function as tumor suppressor genes involved in tumorigenesis; their overexpression could inhibit cell proliferation, induce cell growth arrest, and promote cell apoptosis in various cancers. Although previous studies indicated that CpG island methylation contributed to downregulation of miR-124 expression and promoted tumor progression in several tumors, 5, 6 the definite roles of miR-124 in RCC remain elusive at present. Besides, hypermethylation of promoter of the MEG3 gene has been identified to contribute to the loss of MEG3 expression in tumors, whereas little is known about the MEG3 expression pattern and its biological functions in RCC carcinogenesis. Besides, whether there exists some regulatory relations or signal crosstalks between miR-124 and MEG3 in renal cancer is also puzzling.
In this study, we demonstrated that both miR-124 and MEG3 expression were downregulated, and their combined expression pattern had the potential to facilitate survival prediction in RCC. Besides, a series of in vitro and in vivo experiments determined the tumor-suppressive roles of miR-124 and MEG3. Furthermore, we identified three crosstalks between miR-124 and MEG3, which explained their reciprocal regulations. In addition, PTPN11 was identified as a crucial downstream gene involved in the miR-124/MEG3 regulatory network. This study helps broaden our knowledge of the expression pattern, clinical significance, physiopathologic functions, and reciprocal regulations of two noncoding RNAs, miR-124 and MEG3.
RESULTS

miR-124 and MEG3 Expressions Were Significantly Reduced in RCC
A total of 525 clear cell RCC (ccRCC) miRNA expression profiles (level 3 data) were obtained from The Cancer Genome Atlas (TCGA). Defining 1.5-fold difference as the cutoff level, a significant difference in expression was observed in 143 of 1,046 detected human miRNAs between RCC and adjacent normal tissues, including 62 downregulated and 81 upregulated miRNAs ( Figure S1A ).
Our previous study described lncRNAs microarray profiles in six pairs of ccRCC and corresponding adjacent nontumorous tissues. Using 1.5-fold expression difference as a cutoff level, 59 downregulated and 74 upregulated lncRNAs were identified between RCC and adjacent normal tissues ( Figure S1B ). In addition, we performed lncRNA promoter methylation MeDIP-chip analysis with three paired RCC and adjacent normal tissues to identify differentially methylated lncRNAs. This assay turned out to identify 3,837 lncRNAs that were significantly differentially methylated. Finally, combined analysis of lncRNA promoter methylation MeDIP-chip and lncRNA microarray expression profiling revealed that MEG3 was both downregulated and hypermethylated in RCC ( Figure S1C ).
To identify noncoding RNAs (ncRNAs) with altered expression in RCC, we performed a series of microarray analysis regarding ncRNA expression. Among all downregulated ncRNAs, miR-124 ( Figure S1A ) and MEG3 ( Figure S1B ) were the top two decreased ( Figure S1C ). Via qRT-PCR, we then verified the expression levels of miR-124 and MEG3 in five RCC cell lines in comparison with the expression in HK2 ( Figure 1A ). Next, we assessed the expression of miR-124 and MEG3 in a further 45 pairs of RCC and adjacent normal tissues (Table S4) to validate the microarray analysis findings ( Figure 1B) . Statistically, the expression levels of miR-124 and MEG3 were significantly reduced in RCC. Moreover, the relationships between miR-124, MEG3 expression, and the clinicopathologic factors of RCC were evaluated, and we found that miR-124 and MEG3 expression were significantly correlated with tumor stage, grade, and lymph node metastasis (p < 0.05) (Table S5) . Because miR-124 and MEG3 were both significantly reduced and shown to be correlated with RCC progression, we further examined their expression relationship using the Pearson correlation coefficient analysis. The expression of miR-124 was positively correlated with MEG3 expression in both RCC and adjacent normal tissues ( Figure 1C; Figure S4A ). These data indicated that miR-124 and MEG3 expression were remarkably decreased in RCC cell lines and tissues, and were positively correlated.
To investigate the potential prognostic significance of these two noncoding RNAs in the carcinogenesis and progression of RCC, we analyzed the correlation of miR-124 or MEG3 expression and overall survival (OS) of patients with RCC. With the median fold change (T/N) in miR-124 or MEG3 expression chosen as the cutoff value, patients with higher miR-124 or MEG3 expression survived statistically significantly longer than those with lower expression levels (Figure 1D) . Moreover, the kidney renal clear cell carcinoma (KIRC) dataset also identified a similar significant association between miR-124 or MEG3 expression and OS in RCC (Figures S2 and S3;  Tables S2 and S3 ; p < 0.05). Furthermore, a multivariate Cox regression analysis was conducted to evaluate whether miR-124 and MEG3 were independent prognostic factors for RCC, which indicated that high expression levels of miR-124 and MEG3 in RCC were associated with favorable prognosis for OS (hazard ratio [HR] = 0.61, 95% confidence interval [CI]: 0.46-0.82; p = 0.001; Figure S4B ), independent of other clinicopathologic covariates (Table S6) . These results suggested that miR-124 and MEG3 might be used as independent prognostic factors for RCC. We further explored whether miR-124 and MEG3 restoration or downregulation modulated the expression of downstream proliferation-related proteins in RCC cells. In ACHN and 786-O cells, downregulation of phosphatidylinositol 3-kinase (PI3K), pAKT, and pERK protein levels and induction of PTEN expression were exhibited after miR-124 and MEG3 overexpression, whereas the reverse tendency was shown after miR-124 inhibitor transfection ( Figure 2B ). Besides, ACHN cells that stably expressed MEG3 or miR-124 generated smaller xenograft tumors in nude mice (Figure 2Fa ) and exhibited slower tumor growth rates in vivo (Figure 2Fb ). These findings indicated that miR-124 and MEG3 overexpression inhibited RCC cell proliferation and tumor growth by modulating the expression of proliferation-related proteins. Further, epithelial-mesenchymal transition (EMT)-related proteins were detected after miR-124 and MEG3 restoration or downregulation. As shown in Figure 2E and Figure S6 , N-cadherin, b-catenin, Vimentin, Snail, and MMP-2/7/9 were downregulated in ACHN and 786-O cells after miR-124 and MEG3 overexpression, whereas the reverse tendency was shown after miR-124 inhibitor transfection. Taken together, these findings stated that miR-124 and MEG3 inhibited RCC cell invasion and migration, owing to the suppression of EMT-related proteins.
EZH2-Mediated Silencing of miR-124 and MEG3
EZH2, a histone-lysine N-methyltransferase enzyme, is highly expressed in many cancers and mediates transcriptional repression of target genes. We searched the database of GEO and Gene Cloud of Biotechnology Information (GCBI) for the gene expression profiles, and selected six available GEO datasets including 16 chips (GEO: GSE47476 and GSE26996) and one publication that evaluated the downstream events following EZH2 silencing ( Figure 3A ). Using hierarchical clustering and heatmap analysis, we identified 13 EZH2-silenced miRNAs including miR-124, whose expression was significantly restored after EZH2 abrogation ( Figure 3A ).
We hypothesized that EZH2 induced the epigenetic silencing of miR-124 and MEG3 expression by H3K27 trimethylation (H3K27me3) ( Figure 3C ). To confirm the repressive effects of EZH2 on transcription of miR-124 and MEG3, we treated RCC cells with DZNep or small interfering RNA (siRNA) for EZH2, which resulted in reduction of EZH2 expression and inhibition of H3K27me3 ( Figure 3B ). By qPCR, induction of miR-124 and MEG3 expression was detected ( Figure 3D ). Besides, miR-124 and MEG3 were significantly upregulated in EZH2 siRNA-transfected ACHN and 786-O cells when compared with siRNA control ( Figure 3E ).
Given that miR-124 and MEG3 were both significantly downregulated and correlated with EZH2, we further examined their expression relationship using the Pearson correlation coefficient analysis. The expression of miR-124 and MEG3 both were negatively correlated with EZH2 expression in RCC tissues ( Figure 3F ).
Overexpression of miR-124 Decreased Expression of TET1 by Directly Targeting the 3ʹ UTR
Ten-eleven translocation 1 (TET1) plays important roles in the DNA demethylation process, and bioinformatics analysis showed that TET1 contains the conserved putative miR-124 target sites in its 3 0 UTR ( Figure 4B ). To validate whether TET1 was a bona fide target Molecular Therapy: Nucleic Acids of miR-124, we constructed luciferase reporter plasmids containing either wild-type or mutated miR-124 seed sequence in the 3 0 UTR of TET1 ( Figure 4A ). Following introduction of wild-type or mutant reporters, we found that ectopic expression of miR-124 suppressed the luciferase activity of the reporter containing wild-type 3 0 UTR ( Figure 4D ), but not the reporter containing the mutated miR-124 binding site. In addition, we examined the effects of overexpression or silencing of miR-124 on the expression of TET1 protein by western blot. TET1 protein expression was dramatically decreased or increased in RCC cells transfected with miR-124 mimics or inhibitors, respectively ( Figure 4B ).
MEG3 Expression Was Epigenetically Regulated by TET1
Methylation within the promoter region has been associated with downregulation of gene expression, whereas bioinformatics analysis revealed the promoter region of MEG3 contained typical CpG islands. To explore the epigenetic mechanism for the downregulation of MEG3 expression in RCC, we examined MEG3 promoter methylation levels by Sequenom MassARRAY. Compared with normal tissues, MassARRAY assay revealed higher levels of methylation at multiple tested sites in three RCC tumor tissues and two RCC cell lines (Figure 4E ). Furthermore, we evaluated promoter methylation status of MEG3 in RCC tissues by performing methylation-specific PCR, and found that the MEG3 promoter was hypermethylated in five RCC tissues ( Figure 4F ). To examine the role of aberrant methylation in the loss of MEG3 expression, we further evaluated the effect of the demethylation agent 5-Aza-2-deoxycytidine (5-Aza-DC) on MEG3 expression. The findings demonstrated that MEG3 expression increased after incubation with 5-Aza-DC in both ACHN and 786-O cells (Figure 4H) . To further elucidate the methylation-dependent mechanism www.moleculartherapy.org of MEG3 alteration, we silenced TET1 in ACHN and 786-O via RNAi, which dramatically increased the levels of MEG3 expression ( Figure 4I ).
Activation of p53 by MEG3 in RCC
Apart from being a regulator, p53 also functions as a downstream effector of some molecules such as MEG3. To understand the molecular mechanism by which MEG3 inhibited RCC cell proliferation and EMT, we examined whether MEG3 could affect p53 expression and function. Thus, we transfected either the overexpression constructs for MEG3 or miR-124 mimics or inhibitor into RCC cells. Western blot found that cells transfected with MEG3 or miR-124 mimics both had significant increases in p53 protein levels ( Figure 5A ). To explore whether the induction of p53 in MEG3-transfected cells was functionally active or inactive, we performed RNA immunoprecipitation (RIP) with an antibody against p53 from cellular extracts. We found significant enrichment of MEG3 with the p53 antibody ( Figures 5B and 5C ) compared with the immunoglobulin G (IgG) control antibody. These data indicated that the p53 protein accumulated by transfection of MEG3 was functionally active.
p53 Upregulates the Expression of the miR-124
Bioinformatics analysis indicated that the promoter of miR-124 clusters contains p53 binding sites ( Figure 5D ); then we sought to study the transcriptional regulatory effects of p53 on miR-124. Using siRNA, p53 was knocked down both in ACHN and 786-O cells, as proved by western blot ( Figure 5G ). We further analyzed direct interaction of p53 and p53-binding sequences on miR-124 promoter by chromatin immunoprecipitation (ChIP). ChIP analysis revealed that p53 directly bonded to the predicted p53-binding sequences on miR-124 promoter (Figure 5E ). Besides, we also employed a luciferase reporter assay to verify whether the p53 binding sites in the miR-124 promoter could modulate miR-124 transcription. We found that p53 knockdown significantly reduced the transcriptional activity of the miR-124 promoter with wild-type p53 binding sites. However, this reduction of miR-124 transcriptional activity after p53 knockdown was abrogated in miR-124 luciferase reporter with mutant binding sites ( Figure 5F ), which further implied that p53 affected miR-124 expression via transcriptional regulation. As shown by real-time RT-PCR, miR-124 was downregulated via transfection with p53 siRNAs ( Figure 5H ). Furthermore, we detected the transactivation of miR-124 by the MEG3 using qRT-PCR ( Figure 5I ). Taken together, these results indicated that MEG3 was a positive transcriptional regulator of the miR-124 in RCC cells, probably through the MEG3-p53-miR-124 axis.
miR-124 and MEG3 Inhibit Cell Proliferation and EMT by Suppressing PTPN11 Expression
Because three crosstalks between miR-124 and MEG3 have been established, we further explored how miR-124 and MEG3 could inhibit cell proliferation and EMT. We searched the database of GEO and GCBI for the gene expression profiles and then selected six available GEO datasets that compared the two groups of si-p53 and si-Control ( Figure 6B ). Making use of hierarchical clustering and heatmap analysis, we identified 27 p53-responsive genes, of which 15 genes were significantly upregulated after p53 siRNA transfection ( Figure 6A ). Bioinformatics analysis of miR-124-targeted genes showed that the 3 0 UTR of 138 genes had the predictive binding sites. To identify common downstream pathways of miR-124 and MEG3, we further made a combined analysis of p53-responsive genes and miR-124-targeted genes, which picked out four eligible genes (ARID5B, AMMECR1, APBB2, and PTPN11) to mediate the tumor-suppressive functions of both miR-124 and MEG3 ( Figure 6C ). To validate the microarray results, we silenced p53 with siRNAs, which resulted in significant upregulation of PTPN11 mRNA ( Figure 6D ) and protein expression (Figure 6Ea ). Besides, western blot also proved that PTPN11 protein was downregulated by overexpression of MEG3 ( Figure 6Eb ).
Next, sequence bioinformatics analyses revealed predicated putative miR-124 binding sites in the 3 0 UTR of PTPN11 mRNA ( Figure 6G ). Therefore, we constructed the psiCHECK-2 plasmid to contain either the wild-type or mutated miR-124 binding sequences in the 3 0 UTR of PTPN11 ( Figure 6F) , and performed the luciferase reporter assays. Overexpression of miR-124 decreased the relative luciferase activity of reporter harboring wild-type PTPN11 3 0 UTR, whereas this inhibitory effect turned out to be abrogated with luciferase reporter containing mutant 3 0 UTR ( Figure 6I ). Consistently, western blot showed that protein expression of PTPN11 was strikingly decreased or increased by transfecting miR-124 mimics or inhibitor, respectively ( Figure 6H ). Moreover, ectopic expression of PTPN11 abrogated the inhibitory effects of MEG3 or miR-124 on RCC cell proliferation, migration, and invasion ( Figures S7 and S8) . Together, these results indicated that PTPN11 was the direct target of miR-124, as well as the MEG3-and p53-regulated genes in RCC cells.
DISCUSSION
In the present study, through searching the KIRC TCGA miRNA profiling and the combined analysis of RCC lncRNA expression and methylation profiles, we initially identified that two ncRNAs, miR-124 and MEG3, were significantly downregulated, and simultaneously MEG3 was hypermethylated. Validation in our samples and cell lines also validated their downregulation, positive correlation, as well as prognostic values for OS. Given that overexpression of miR-124 and MEG3 in RCC cells could suppress cell proliferation, invasion, migration, and tumor growth, we demonstrated that miR-124 and MEG3 could function as potential tumor suppressors in RCC. To elucidate the interactive regulation of these two ncRNAs, we proposed three crosstalks between miR-124 and MEG3, which may provide a plausible link between the positive correlation of miR-124 and MEG3. First, EZH2 mediated epigenetic silencing of miR-124 and MEG3. Second, miR-124 induced MEG3 expression by directly targeting the epigenetic regulator TET1. Third, MEG3 upregulated miR-124 via p53 promoter activation. Following the establishment of three crosstalks between miR-124 and MEG3, we further probed into the common downstream pathway of miR-124 and MEG3. Therefore, we conducted combined analysis of p53-responsive genes and miR-124-targeted genes, identifying PTPN11 as a crucial gene that might mediate the tumor-suppressive functions of miR-124 and MEG3. Finally, we proposed a signaling model for the crosstalk between miR-124 and MEG3, which regulated cell proliferation and EMT of RCC through PTPN11 ( Figure S9 ).
To begin with, we conducted a comprehensive combined analysis of miRNA and lncRNA expression in RCC patient samples. We found that miR-124 and MEG3 were two of the most significantly reduced ncRNAs in RCC. Their expression levels were significantly correlated with TNM stages, grades, tumor size, and metastasis. Moreover, patients with lower levels of miR-124 or MEG3 expression had significantly poorer prognosis. For miR-124, our data were similar to the findings in other cancers, [5] [6] [7] [8] [9] [10] in which miR-124 expression was found to be reduced. Besides, our survival analyses showed that miR-124 expression was an independent prognostic factor for OS in RCC, and our logistic regression analysis discovered significant correlation between its expression and TNM stage, tumor grade, and lymph node metastasis. These results were consistent with the findings in other tumor types. [8] [9] [10] As an imprinted gene, MEG3 has been found to be decreased in various types of malignancies; it has also been recognized as a reliable biomarker to predict the survival in patients with various cancers. 11 Our study strengthened these conclusions by proving that MEG3 was downregulated in RCC by hypermethylation, and it possessed the potential for survival prediction. These results indicated that miR-124 and MEG3 might serve as prognostic biomarkers in RCC. Our in vitro and in vivo experiments showed that both miR-124 and MEG3 suppressed cell proliferation, migration, invasion, and tumor growth, implying their potential roles of tumor suppressors. Consistent with our results, increasing evidence has demonstrated miR-124 was a typical tumor suppressor. Wang et al. 5 reported that decreased miR-124 expression was highly methylated and suppressed pancreatic cancer progression and metastasis by targeting Rac1. Taniguchi et al. 10 found that the miR-124 inhibited colorectal cancer growth through modulating PTB1/PKM1/PKM2 feedback cascade. Previous studies also supported our data that ectopic expression of MEG3 markedly inhibited growth of cancer cells. 12 Besides, the study by Chen et al. 13 also indicated that MEG3 inhibited cell proliferation and induced apoptosis, partially via the activation of the endoplasmic reticulum stress and p53 pathway. Additional data from Zhuo et al. 14 further demonstrated MEG3, acting as a potential biomarker in predicting the prognosis of hepatocarcinoma, was regulated by UHRF1 via recruiting DNMT1 and regulated p53 expression. Consistent with these findings, our study provided novel evidence for the biological and clinical significance of MEG3 as a tumor suppressor by inhibiting cell proliferation and invasion for the first time, providing an additional molecular therapeutic target for RCC.
Although we found out that these two ncRNAs were significantly deregulated in RCC and could act as tumor suppressors, there are no reports that show any associations between them presently. To explore possible interaction or reciprocal regulation of these two ncRNAs, we further found three crosstalks between miR-124 and MEG3, which may provide a plausible link between the positive correlation of miR-124 and MEG3. EZH2, a histone-lysine N-methyltransferase enzyme, can interact with other components such as EED and SUZ12 to form a PRC2 complex that contributes to transcriptional repression of target genes. We proved silencing EZH2 through DZNep or RNAi dramatically increased the levels of miR-124 and MEG3 expression. In accordance with our results, a previous study reported that inhibition of EZH2 by DZNep affected the expression of miR-124 in vivo. 15 Interestingly, Xu et al. 16 provided evidence that EZH2 was also a target gene of miR-124, and miR-124-EZH2 interaction could regulate the choice between neuronal and astrocyte differentiation. Interestingly, others have reported evidence that MEG3 interacts with EZH2 in embryonic stem cells. 17 Currently, little is known about the mechanism by which EZH2 represses the expression of miR-124 and MEG3. We hypothesize that EZH2-mediated H3K27me3 epigenetic silence may contribute to ncRNA transcriptional repression.
Methylation within the promoter region has been associated with loss of MEG3 expression in various cancers. 18 A negative correlation between MEG3 expression and DNA demethylation regulator TET1 has been reported previously, raising the possibility that MEG3 might be regulated by TET1-associated epigenetic silencing. Moreover, bioinformatics analysis showed that the TET1 3 0 UTR had the predictive binding site of miR-124. Therefore, we hypothesized that reduced miR-124 expression could potentially mediate MEG3 silencing through the modulation of TET1 activity. We next undertook to examine the impact of interaction of miR-124 and TET1 on MEG3 expression in RCC cells. Previous studies had found that miR-29a could regulate the expression of MEG3 through the modulation of DNMT3B activity in hepatocellular cancer. 18 Yan et al. 19 found that the suppression of miR-148a might contribute to the downregulation of MEG3 in gastric cancer by modulation of DNMT1. Interestingly, others have reported some miRNAs directly targeted TET1, including miR-22, miR-191, and miR-26. [20] [21] [22] Moreover, some lncRNAs were also reported to be downregulated by TET-dependent promoter hypermethylation, including MEG3, POU3F3, HOXD-AS1, and ANRIL. [23] [24] [25] [26] Our results indicated that miR-124 reduced the expression of its direct target TET1, which was involved in epigenetic regulation of MEG3 expression. Therefore, we expanded the regulatory network comprising TETs, miRNAs, and hypermethylated lncRNAs by establishing a novel interactive paradigm. These findings enriched our understanding of how miRNAs interact with and regulate lncRNAs.
Previous experiments had demonstrated that p53 was a target of MEG3, and that its protein level could be significantly increased through the overexpression of MEG3 in cancer cells. 27 MEG3 could also induce p53 expression via an indirect mechanism, because MEG3 could suppress MDM2 expression and attenuate the inhibitory effect of MDM2 on p53. 27 Our present study found that re-expression of MEG3 directly induced p53 accumulation through direct binding with p53. As a tumor suppressor, p53 plays pivotal roles in tumor suppression and mediates the functions of many other tumor suppressors. We proposed the tumor-suppressive effects of MEG3 on RCC might be partly mediated by activation of p53. Liu et al. proposed that miR-124 was differentially regulated by wild-type or mutant p53 under photodynamic therapy in colorectal cancer, which implied that miR-124 was a plausible p53-targeted miRNA. 28 As the p53 transcriptional targets, these miRNAs have been implicated in targeting genes that are involved in various p53 signaling pathways, contributing to critical and extensive function of p53. Kidney cancer TCGA data showed that miR-124 expression was positively correlated with p53. Furthermore, knocking down p53 with siRNA could silence miR-124 expression, whereas ectopic expression of MEG3 activated p53 and stimulated miR-124 transcription activation. Therefore, as a p53-responsive miRNA, miR-124 could be induced by MEG3 via p53 accumulation.
Recent studies demonstrate that crosstalk among competitive endogenous RNAs (ceRNAs) and miRNAs represents a novel layer of gene regulation and plays important roles in cancer progression. Here we further reviewed recent findings regarding the critical role of ncRNAs and created the miRNA-lncRNA regulatory networks. First, for the miRNAs and lncRNAs with opposite expression pattern, ceRNA theory and miRNAs-translation factors (TFs)-lncRNAs model are mostly investigated to explain their relationship. However, when they are consistently expressed, especially jointly downregulated, EZH2-mediated epigenetic silencing, miRNAs-DNMTs-lncRNAs and lncRNAs-TFs-miRNAs may represent as the potential underlying mechanisms. In the present study, miR-124 and MEG3 both significantly silenced in RCC, and their expression was positively correlated. We further identified three crosstalks between miR-124 and MEG3; these underlying mechanisms provided valuable examples to facilitate our understanding of ncRNA-regulatory networks in tumors. These findings also provided insights into how miRNAs interact with and regulate lncRNAs.
Since three crosstalks between miR-124 and MEG3 have been established, we further identified how miR-124 and MEG3 inhibited cell proliferation and EMT. To find the common downstream pathway of miR-124 and MEG3, we made a combined analysis of si-p53-responsive genes and miR-124-targeted genes, screening out four promising genes (ARID5B, AMMECR1, APBB21, and PTPN11). Therefore, we hypothesized that these four genes may mediate the tumor-suppressive function of miR-124 and MEG3. Subsequent experiments indicated that PTPN11 was the direct target of miR-124, as well as the MEG3-and p53-regulated gene in RCC cells. Although PTPN11 mutation was initially discovered to be involved in the development of Noonan syndrome, it has become apparent that PTPN11 is also involved in cell proliferation, invasion, migration, and tumor growth. 29 Consistent with our results, others reported that miR-489 and miR-1213 could directly target the 3 0 UTR of PTPN11, resulting in inhibition of tumor progression. 30, 31 Thus, it may be reasonable that MEG3 and miR-124 exerted their tumor-suppressive functions through downregulating PTPN11.
In summary, we detected the downregulation pattern of miR-124 and MEG3 in RCC, and confirmed their tumor-suppressive effects in vitro and in vivo. Our present study highlights the interplays between these two classes of ncRNAs, miRNAs and lncRNAs, and provides three crosstalks of interaction between miR-124 and MEG3. We also identified that PTPN11 was the direct target of miR-124, as well as the MEG3-and p53-regulated gene, and could mediate their tumor-suppressive functions. This study extends our knowledge of miR-124 and MEG3 in the pathology and progression of RCC, and emphasizes the www.moleculartherapy.org importance of ncRNAs such as miR-124 and MEG3 as crucial regulators in tumor biology.
MATERIALS AND METHODS
RCC miRNA and lncRNA Expression Profilings
Gene expression and miRNA-seq data (level 3) of KIRC were downloaded from TCGA (https://tcga-data.nci.nih.gov/docs/publications/ ). lncRNA expression profiling was obtained from our previous study in which we compared six pairs of RCC and corresponding nontumorous tissue. lncRNA promoter methylation MeDIP-chip analysis (Ouyi, Shanghai, China) was also performed on three paired RCC and adjacent normal tissues to identify differentially methylated lncRNAs.
Cell Culture and Transfection
Human renal cancer cell lines (ACHN, 786-O, SN12PM6), normal renal epithelial cell line (HK-2), and human 293T cells were maintained in DMEM (high-glucose) containing 10% fetal bovine serum (FBS) at 37 C in a humidified atmosphere of 5% CO2, whereas Caki-1 and OS-RC-2 were cultured in RPMI-1640 medium. Indicated overexpression plasmids were transiently transfected into the cells using FuGENE HD transfection reagent (Roche, Switzerland), with empty vector as control. miR-124 mimics and inhibitor, siRNAs of specific genes, and NC were respectively transfected into cells by X-tremeGENE Transfection Reagent (Roche, Switzerland).
Colony Formation Assay
Exponentially growing treated ACHN and 786-O cells were digested and then seeded at 1,000 cells per well in six-well plates. The cells continued to be cultured for 2 weeks, and culture medium was changed every 3 days. After staining cells with 0.5% crystal violet solution for 20 min, the numbers of cell colonies were calculated and analyzed.
In Vitro Migration and Invasion Assay About 1 Â 10 5 ACHN cells or 1 Â 10 4 786-O cells were suspended and plated in the upper chambers of 24-well Transwell plates (Corning) in FBS-free medium. Complete medium (10% FBS) was deposited in the lower chambers to serve as a chemo-attractant. After 12 h for cells to pass through the membrane, cells remaining on the upper filter were removed, whereas cells that passed through the Transwell filter were stained by 0.5% crystal violet for 20 min. Images were taken of five random optical fields (200Â) on each filter, and cell numbers were then counted.
To evaluate cell invasion, we coated Transwell membranes with Matrigel (BD Biosciences) prior to plating indicated cells. After 24 h for ACHN and 12 h for 786-O, crystal violet staining and cell counting were performed as above.
Animal Experiments
A total of 5 Â 10 6 treated ACHN cells were injected subcutaneously into the right flank of 4-week-old BALB/c nude mice, tumor growth of mice was monitored every 3 days, and mice were sacrificed 6 weeks after inoculation. Tumor volume was calculated using the formula, 0.5ab2, where "a" and "b" meant long diameter and short diameter, respectively. All animal experiments were approved by the Committee of Animal Experimental Ethics, Huazhong University of Science and Technology.
Methylation Status Analysis and Demethylation Assay
Genomic DNA was isolated with QIAamp DNA Mini Kit (QIAGEN), and bisulfite modification of the genomic DNA was carried out using an EpiTect Bisulfite Kit (QIAGEN) according to the manufacturer's instructions. Quantitative methylation analysis of the promoter of MEG3 coding gene was performed by the Sequenom MassARRAY platform (Ouyi, Shanghai, China) according to the manufacturer's protocol. To determine whether MEG3 expression can be induced after demethylation, we treated the five RCC cell lines with 10 mM DNA demethylation drug 5-Aza-DC. The methylation-specific PCR primers were listed in Table S1 .
Dual-Luciferase Reporter Assay
3
0 UTRs of target gene with the wild-type or mutated binding site of hsa-miR-124 were inserted into psi-CHECK2 luciferase reporter vector and validated by sequencing. ACHN and 786-O cells were seeded in a 24-well plate until 60%-80% confluence and then were co-transfected with wild-type or mutated constructs and miR-124 mimics or control. The dual-luciferase activities were measured, whereas Renilla luciferase signal was normalized to the firefly luciferase signal.
RIP and Chromatin Immunoprecipitation Assay
To validate the association of MEG3 and p53, we performed RIP using Magna RIP Kit (Millipore) according to the manufacturer's instructions. To determine whether p53 could directly activate the miR-124 promoter, chromatin immunoprecipitation was conducted through the EZ-Magna ChIP kit (Millipore). All procedures were performed following the manufacturer's instructions. All used primers were listed in Table S1 .
Statistical Analysis
The data were presented as the mean ± SD. Differences among groups were determined by a two-way ANOVA followed by a post hoc Tukey's test. Comparisons between two groups were performed with an unpaired Student's t test. Survival curve was plotted using the Kaplan-Meier method and compared by the log rank test. A value of p < 0.05 was considered significant.
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